eruptive ages. These chronologies are used with exponential, Weibull, and mixed-exponential probability distributions to match the data for time intervals between eruptions. For the Lassen Volcanic Center, the probability of an eruption in the next year is 1.4×10 -4 for the exponential distribution and 2.3×10 -4 for the mixed exponential distribution. For the regional mafic vents, the exponential distribution gives a probability of an eruption in the next year of 6.5×10 -4 , but the mixed exponential distribution indicates that the current probability, 12,000 years after the last event, could be significantly lower. For the exponential distribution, the highest probability is for an eruption from a regional mafic vent. Data on areas and volumes of lava flows and domes of the Lassen Volcanic Center and of eruptions from the regional mafic vents provide constraints on the probable sizes of future eruptions. Probabilities of lava-flow coverage are similar for the Lassen Volcanic Center and for regional mafic vents, whereas the probable eruptive volumes for the mafic vents are generally smaller.
Data have been compiled for large explosive eruptions (>≈ 5 km 3 in deposit volume) in the Cascade Range during the past 1.2 m.y. in order to estimate probabilities of eruption. For erupted volumes >≈5 km 3 , the rate of occurrence since 13.6 ka is much higher than for the entire period, and we use these data to calculate the annual probability of a large eruption at 4.6×10 -4 . For erupted volumes ≥10 km 3 , the rate of occurrence has been reasonably constant from 630 ka to the present, giving more confidence in the estimate, and we use those data to calculate the annual probability of a large eruption in the next year at 1.4×10 -5 .
Introduction
The Lassen Volcanic Center and its predecessors are distinguished from the surrounding regional mafic volcanism in northern California by their greater longevity, larger volumes, and broader range of silica concentrations (Clynne and Muffler, 2010) . Clynne and others (2012) provide chronologies for eruptive activity at the Lassen Volcanic Center and for eruptions from the regional mafic vents in the surrounding area of the Lassen segment of the Cascade Range for the past 100,000 years (for geographic extent covered, see Clynne and others, 2012, fig. 4) . We use these chronologies to calculate probabilities of future eruptions. Areas and volumes of lava flows and domes have been estimated on the basis of geologic mapping (Clynne and Muffler, 2010; M.A. Clynne and L.J.P. Muffler, written commun., 2010) , and these values are presented in time histories and used to calculate probabilities of sizes of eruptions.
An underlying assumption of past U.S. Geological Survey (USGS) volcano hazards assessments for Cascade Range volcanoes in Oregon and Washington has been that the probability distribution of time intervals between volcanic eruptions may be treated as a Poisson process. Recent works on USGS hazard assessments, however, have applied other probability distributions to calculating the probability of an eruption in the next year based on the time since the last eruption (Christiansen and others, 2007; Nathenson and others, 2007) . These new works use the matching of time histories containing disparate time intervals between eruptions, with a few intervals being much longer than most of the time intervals. The Lassen chronologies are used in this report with several probability distributions to check if the estimates are better than those using a Poisson process. The probabilities thus obtained provided a basis for assessing the volcanic hazards in the Lassen area in Clynne and others (2012) .
The eruptions documented for the past 100,000 years in the Lassen segment of the Cascade arc do not represent the full spectrum of possible eruptions, because no large explosive eruptions have occurred during this period. Before 100 ka, however, the Lassen segment of the Cascade arc has been the site of several large explosive eruptions during the past few million years. Instead of calculating the probability of a large explosive eruption in the Lassen area, we shall instead calculate probabilities of large explosive eruptions for the Cascade arc as a whole. To do this, data for the past 1.2 m.y. have been compiled and analyzed.
Chronologies
The chronology of eruptive events at the Lassen Volcanic Center during the past 100,000 years is given in table 1 (also given in Clynne and others, 2012) . This time period was chosen in order to have enough events for analysis but to stay within the more recent history of the Lassen Volcanic Center. No activity is known to have occurred in the Lassen Volcanic Center between 190 ka and 90 ka (Clynne and Muffler, 2010) , and that long hiatus indicates a likely resetting of the magmatic system. Even if there were small eruptions during this period that are missing from the geologic record, the lack of larger eruptions still indicates that there has probably been a change in the magmatic system. Activity during the past 100,000 years is divided into the Eagle Peak and Twin Lakes sequences (table 1). The division is based primarily on the Eagle Peak sequence being more silica rich (dacite and rhyodacite) and the Twin Lakes sequence being less so (basaltic andesite and andesite). The Eagle Peak sequence consists of seven units of domes and flows and their pyroclastic deposits and includes the prominent young features of Lassen Peak and Chaos Crags. The Twin Lakes sequence comprises lava flows and cones and includes the youngest eruptions-the 1914-17 eruption of Lassen Peak and the 1666 C.E. basaltic andesite of Cinder Cone. The time history of event occurrence for the Lassen Volcanic Center ( fig. 1) shows an approximately constant rate. The three most recent events occurred at a faster rate, but similar behavior also occurred about 40,000 years ago. Areas and volumes of lava flows are given in table 1, and the additional areas and volumes of fragmental deposits are given in the notes column. The time history of cumulative area and volume of lava flows ( fig. 2 ) is more variable in rate than that for event occurrence.
The chronology of eruptions from regional mafic vents for the past 100,000 years in the surrounding area of the Lassen segment of the Cascade Range is given in table 2 (also given in Clynne and others, 2012) . The events have been grouped into eruptive sequences, with the remainder not falling into a sequence placed in a miscellaneous group. The eruptive sequence groupings for the mafic vents are based on a combination of geographic locality and petrographic characteristics of the eruptive products. Mafic magmas cannot spend much time in the crust without significant evolution of their petrography. Thus the similarity of petrographic characteristics allows the various eruptions to be grouped as a sequence that must have been erupted over a relatively short amount of time. The Red Cinder chain, the Bidwell Spring chain, and the basaltic andesite of Turnaround Lake in the Tuya Chain (listed in the miscellaneous group, table 2) are the expression during this time period of the Caribou Volcanic Field east of the Lassen Volcanic Center (Clynne and Muffler, 2010) . The Caribou Volcanic Field is an area of intense regional volcanism having a higher flux of basalt from the mantle compared to the rest of the regional volcanism, but not as high as that feeding the Lassen Volcanic Center (Guffanti and others, 1996) .
Ages of many of the eruptions from regional mafic vents are known only within broad ranges, and we apply two models to make estimates of the ages of individual eruptions. The first model (model I) assumes that events occur evenly distributed within the given age range for a sequence. Chosen ages for each sequence were combined for the entire history, sorted, and then modified slightly so that no two events in the entire history had the same age. The second model (model II) assumes that events within a given age range occur closely spaced in time near the event with a measured age. This close spacing in time may be a more realistic model, compatible with the similar petrography within each eruptive sequence. Again, chosen ages for each sequence were combined for the entire history, sorted, and then modified slightly so that no two events in the entire history had the same age. Except for the two events near Sifford Mountain, the events in the miscellaneous group are not likely to be related to other events, and their ages in both models are the same.
The chronologies for the eruptive sequences in the two models are shown in figure 3. The second model generally makes the eruptive sequences become more a series of episodes than a series of events. For example, the Red Cinder sequence changes from a series of events over a long time period to three episodes of multiple events. The combined chronology of all the mafic vents is shown in figure 4 . The order in which events occur in the combined chronology is not the same in the two models. Grouping the ages near measured ages in the individual sequences (model II) also results in an episodic character to the combined eruptive history, whereas the results for the first model are only somewhat episodic. The most recent of the regional mafic eruptions were two events with estimated ages of 15-10 ka. The second model has one hiatus of 14,000 years and four in the range of 5,000 to 7,000 years, whereas the first model has only three hiatuses in the range of 5,000 to 7,000 years. This difference in the number of long-term hiatuses between the models makes the current hiatus of 10,000 to15,000 years not appear to be such a special time with the second model. Given the broad spread in age ranges for each sequence, the true chronology could be different from either model, but for purposes of calculating probability distributions of times between eruptions, the modifications should not make a large difference. Because the total time is constant, every interval that is shortened lengthens an adjacent interval. The rate of occurrence of events for model I appears somewhat higher since 50 ka. For model II, the earlier and later periods show similar rates of occurrence separated by intervals of no events or a lower rate of events. Plots of cumulative area ( fig. 5 ) and cumulative volume ( fig. 6 ) have similar patterns of rates. There does appear to be an increase in rates of volume produced and areal coverage Table 1 . Chronology of eruptions less than 100,000 years old in the Lassen Volcanic Center.
[Data from Clynne and others (2012) and Clynne and Muffler (2010) ; recent eruptions from historical record. Ages with uncertainties are measured using 40 Ar/ 39 Ar, K-Ar, or radiocarbon. Others are estimates constrained by stratigraphy and geomorphology. Radiocarbon age is for weighted mean with standard error and is converted to calibrated age by choosing oldest peak based on paleomagnetic data (Nathenson and others, 2007) . Age of andesite of Eagle Peak is chosen to be slightly younger than rhyodacite of Eagle Peak, as the waning stage of that eruption. Ages have been put on a common basis of years BP (before present), where present is 1950 C.E. Areas are calculated from mapped areas of lava flows, and volumes include additions for any associated domes. For parts of lava flows buried by surficial deposits, areas and thicknesses have been estimated, and they are added to the area and volume figures. Estimates of areas and volumes of fragmental deposit are provided in the notes column. The tabulation of volumes in Clynne and others (2012) after about 50 ka. The area covered by regional mafic lava flows is much larger than the area for the Lassen Volcanic Center, but the volume produced is only about a factor of two greater.
Probabilities
An underlying assumption of USGS volcano hazards assessments for Cascade Range volcanoes in Oregon and Washington has been that the probability distribution of time intervals between volcanic eruptions may be treated as a Poisson process. Time histories for some volcanoes elsewhere match this assumption well (for example, Klein, 1982) . The probability of an eruption during any particular period of time is calculated from the relation for the occurrence rate. For a Poisson process, this relation is obtained from the exponential distribution for the probability P{ T  t} that an eruption will occur in a time T less than or equal to the time period t:
where F(t) is the symbol for the probability distribution function and m is the mean occurrence rate (events per year) for the exponential distribution. Because occurrence rates are low in the Cascades, the approximate relation shown above is normally used (for example, Scott and others, 1995) . Given a set of n time intervals between eruptions t i , the average recurrence interval (the reciprocal of the occurrence rate) may be determined by:
The properties of a Poisson process include the characteristic that the conditional probability of an eruption occurring within a time period does not depend on the time already waited but only on the time period selected (for example, 1 year, 30 years, or 100 years) to calculate a conditional probability. For some volcanoes, the time history contains disparate time intervals between eruptions, some being short and others much longer. Some examples of time histories having such disparate eruption-time intervals are those of Mount Rainier and Mount St. Helens in Washington. Mullineaux's (1974) data for eruption times of tephra layers at Mount Rainier have three long intervals (>2,000 years) and seven short intervals (<600 years) between eruptions. Mullineaux's (1996) data for Mount St. Helens include one interval of 8,600 years, one of 1,500 years, and 34 of less than 640 years. In such instances, other probability distributions more accurately represent the data, and the conditional probabilities based on those distributions do depend on the time since the last eruption. Bebbington and Lai (1996) proposed using the Weibull distribution to match eruption times that vary with the preceding time interval:
Where (3b) and T is the time, less than the time period t, to the next eruption. Parameters q and b are referred to as the scale and shape parameters, respectively; when b = 1, this reduces to the exponential distribution. Several methods are available to estimate q and b. In a plot of ln[ln(1/(1-F))] versus ln(t), the function is a straight line, and we can estimate the parameters with the best fit to a straight line. A maximum likelihood estimate is obtained by solving the root of a nonlinear equation in b given in Bebbington and Lai (1996) . The equation is easily calculated in a spreadsheet, and the value of b is obtained by trial and error.
For eruption intervals that can be divided into two populations, one with short intervals and one with long intervals, a distribution that includes this behavior is the mixed exponential (Cox and Lewis, 1966; Nathenson, 2001) : (4) where (5a) and (5b) where p 1 is the fraction of short intervals, m 1 is the average occurrence rate for the short intervals, n 1 is the number of short intervals, and p 2, m 2 , and n 2 are equivalent parameters for the long intervals. The basic notion embodied in the mixed exponential distribution is that there are two states, one involving short intervals and a second involving long intervals. The probability of an eruption occurring in each of these states is governed by an exponential distribution. If one knows that the volcano is currently in a particular state (a difficult judgment to make), then the probability of an eruption can be calculated using the appropriate exponential relation for that state only. The probability that we are interested in is the conditional probability P{Dt ≤ T ≤ t + Dt | T > Dt} of an eruption occurring between time Dt and time t + Dt, (for example, during the next year or the next 30 years), after already ( ) Table 2 . Chronology of eruptions less than 100,000 years old for the mafic vents in the surrounding area of the Lassen segment of the Cascade Range.
[Data from Clynne and others (2012) . Unit names in italics are from the geologic map of Lassen Volcanic National Park and vicinity (Clynne and Muffler, 2010) and unpublished mapping of the Burney and Lake Almanor quadrangles. Names in roman font are from reconnaissance mapping in the surrounding area. Ages with uncertainties are measured using waiting a time Dt since the last eruption. It can be shown that this conditional probability can be calculated from the distribution function F(t) as (6) For the simple exponential distribution, the conditional probability reduces to:
Thus, for the simple exponential distribution, the passage of past time does not change the probability of the time to a future eruption. (In the engineering language of time to failure, there is no wear or fatigue). For the Weibull distribution, the conditional probability is:
For the mixed exponential, the conditional probability is:
Thus, in contrast to the simple exponential distribution, the conditional probability for the Weibull and mixed exponential does depend on the time since the last eruption, Dt.
Lassen Volcanic Center
We calculate the time intervals between eruptions for the Lassen Volcanic Center from the eruption chronology in table 1. The time intervals between eruptions are ordered and used to calculate the probability distribution for the data, as shown in figure 7 . The time intervals between eruptions systematically increase from hundreds of years to thousands, with the two longest intervals at about 16,000 years. All of the distributions have similar and not very good fits to the data. There is not a significant disparity between long and short intervals between eruptions, and the mixedexponential distribution is probably not a very good model. The mixed-exponential distribution was fit using eight and five data points so as to have some points as long intervals. The mean and standard deviation of the data are relatively close at 7,150 and 6,110 years, respectively, and one of the properties of the exponential distribution is that the mean and standard deviation are equal. The parameters for the Weibull (Bebbington and Lai, 1996) . The straight-line solution has a b value of 0.707, whereas the root solution has a b value of 0.881. As b gets close to 1, the Weibull behaves more like an exponential distribution ( fig. 7) . Whether the poor fits of the distributions is a result of the limited size of the dataset (only 13 intervals) or results from some characteristic of the behavior of the Lassen Volcanic Center is unclear.
The conditional probability of an eruption occurring in the next year is given in figure 8 for each of the three distributions. The line marked "today" represents 98 years since the start of the 1914-17 eruption of Lassen Peak. The probability of an eruption occurring in the next year from today is 1.4×10 -4 for the exponential and 2.3×10 -4 for the mixed-exponential distribution. The conditional probability for the Weibull distribution using the straight-line fit starts at a value 19×10 -4 at zero years and has a value of 3.5×10 -4 at 98 years. For the root solution, the Weibull probability starts at 4.2×10 -4 and becomes 2.2×10 -4 at 98 years. Which distribution should be used to estimate the probability of an eruption today is unclear. The mixed exponential is a better fit to the data for short time intervals ( fig. 7) than the exponential distribution. The Weibull distribution using the parameters from the straight-line fit also agrees well with the data for short time intervals ( fig. 7 ), but its rather steep variation in conditional probability in the first few tens of years since the last eruption ( fig. 8 ) is much more extreme than for the root-solution parameters. Because there is some degree of disparity in eruption time intervals ( fig. 7) , we prefer the mixed-exponential estimate of a probability of 2.3×10 -4 for an eruption in the next year, recognizing that the exponential value of 1.4×10 -4 is probably just as valid. To estimate probabilities for the sizes of future eruptions, the data in table 1 are used to calculate cumulative probabilities of area coverage and volume for lava flows of the Lassen Volcanic Center ( fig. 9 ). The andesite of Eagle . Probability that an eruption will occur at a regional mafic vent in a time less than a given time interval after the previous eruption for model I (A) and model II (B). Data from table 2 used to calculate time intervals between eruptions for the regional mafic vents, shown as filled circles, along with curves representing three distributions to match the data. Weibull distribution parameters from straight-line solution.
Peak has been excluded, because it has no associated lava flow. The andesite of Hat Mountain is the largest event in the data; it covered an area of 39.6 km 2 with a volume of 4.72 km 3 . The probability of any future eruption producing a lava volume greater than 2 km 3 is about 0.1, whereas the probability that the volume is greater than 0.5 km 3 is about 0.4. The probability that the area covered by lava flow during an eruption will be larger than 17 km 2 is about 0.1, and the probability that the area is larger than 8 km 2 is about 0.4. Thus the potential volumes and areas covered by lava flows in future eruptions are significant. In addition to lava flows, half the eruptions produced pyroclastic flows, and some have included debris flows and pumice fall ( . Although the volumes are smaller than most lava flows, the areas covered are significant and the destructive potential greater. Modeling of lahar hazards is described in Robinson and Clynne (2012) .
Regional Mafic Vents
Time intervals between eruptions from the regional mafic vents in the surrounding area of the Lassen segment of the Cascade Range are calculated for the two models from the eruption chronology in table 2. The time intervals between eruptions are ordered and used to calculate the probability distribution for the data, as shown in figure A Figure 11 . One minus the probability that an eruption will occur at a regional mafic vent in a time less than a given time interval between eruptions (1 -F ) for model I (A) and model II (B). Data from table 2 used to calculate time intervals between eruptions, shown as filled circles, along with curves representing three distributions to match the data. Weibull distributions shown for parameters from straight-line and root solutions. Note logarithmic scale. Exponential distribution is a straight line in this coordinate system. three time intervals between eruptions in the range of 5,000 to 7,000 years, whereas model II has four intervals in the same range and one long interval at 14,000 years ( fig. 10) . For model I, the exponential distribution is a reasonable fit to the data. The mean and standard deviation of the data are reasonably close at 1,540 and 1,370 years, respectively, consistent with an exponential distribution. The fit to the longinterval data is easier to see in the plot of figure 11 showing 1-F on a logarithmic axis, where F(t) is the probability distribution function defined for each of the distributions (equations 1, 3, and 4). In the coordinates of figure 11 , the exponential distribution is a straight line. One caution is that the logarithmic scale emphasizes small differences at low values of 1-F. For model II, all of the probability distributions are reasonably similar fits to the data ( fig. 10B) , and none is a particularly good fit. The mixed exponential is a better fit to the long-time-interval behavior than any of the other distributions ( fig. 11B ). The estimates of the parameters q and b for the Weibull distribution (equation 3) are from fitting the best straight line and from the root solution (Bebbington and Lai, 1996) . Plotting ln{ln[1/(1-F)]}against ln(t) results in a straight line (fig. 12) . The values of the parameters can be different from the two methods, but the probability distribution still plots as a straight line in the coordinate system of figure 12. The exponential distribution is the same as a Weibull distribution with the value for b of 1, and it is also a straight line in this coordinate system. Parameter values are given in table 3. For figure 12B ) that are above and below 1 result in a substantial difference in the conditional probability of an eruption after some time since the last eruption (see below). The conditional probability of an eruption from the regional mafic vents in the next year after waiting a given time since the last eruption is given in figure 13 for the two models. The probability for the exponential distribution is the same under both models (6.5×10 -4 ) and does not depend on the time since the last eruption. For the mixed exponential, the probability is quite close to the exponential value for several thousand years after the last eruption but becomes significantly lower at longer times, such as today at 12,000 years since the last eruption.
The results for the Weibull distribution are quite sensitive to the shape parameter b (fig. 13 ). For models I and II at 12,000 years, the results differ by a significant factor within each model for the two solutions and their corresponding values of b. For model I, the variation of the probability with time since the last eruption increases for both values of b ( fig. 13A) . For model II, the variation of the probability with time since the last eruption takes the opposite sense-one increasing and the other decreasing-for the two values of b ( fig. 13B ). For eruption time histories that have short and long intervals, the variation of the conditional probability with increasing time since the last eruption should be decreasing. Figure 13 . Conditional probability that an eruption will occur from a regional mafic vent in the next year, given a time since the last eruption for model I (A) and model II (B). The line marked "today" is for 12,000 years, the time since the last eruption. Conditional probabilities for the Weibull distribution shown for parameters for both straight-line and root solutions.
The varying range in the values of b are because the data in figure 12 are not easily matched by a single straight line. Because the matches for the mixed-exponential distribution are based on two modeled datasets, the choice for the best estimate of the probability of an eruption today is somewhat problematic. The probability of an eruption today for the exponential distribution is 6.5×10 -4 and does not depend on the model chosen. Equation 2 can be rewritten to show that the recurrence interval is just the total time span divided by the number of eruptions minus one. Thus, unless some of the eruptions are actually older than 100,000 years, the recurrence interval used in the exponential distribution cannot change by much. The results from the mixed-exponential distribution are similar to that for the exponential for times since the last eruption of a few thousand years or less ( fig. 13 ). For long times since the last eruption, such as today where it is 12,000 years, the mixed exponential gives a probability of 1.8×10 -4 for model I and 0.82×10 -4 for model II. Given that the data for model I are well matched by the exponential distribution, whereas the data for model II only require the mixed exponential to match the long-time behavior, we chose to use the probability from the exponential distribution of 6.5×10 -4 for the regional mafic events. However, it should be recognized that the probability 12,000 years after the last event could be much lower. For the exponential distribution, the probability of an eruption from the regional mafic vents (6.5×10 -4 ) is substantially greater than that of an eruption from the Lassen Volcanic Center (1.4×10 -4 ). To estimate probabilities for the sizes of future eruptions, the data in table 2 are used to calculate cumulative probabilities of area coverage and volume for lava flows from the mafic vents in the surrounding area of the Lassen segment of the Cascade Range ( fig. 9 ). The largest event in the data covered an area of 99 km 2 , and the most voluminous event had an erupted volume of 2.64 km 3 . The probability of an eruption producing a lava volume greater than 1.3 km 3 is about 0.1, whereas the probability that the volume will be greater than 0.15 km 3 is about 0.4. The probability that the area covered by lava flow during an eruption will be larger than 30 km 2 is about 0.1, and the probability that the area will be larger than 6.7 km 2 is about 0.4. Thus the potential volumes and areas covered by lava flows are significant.
For a given value of probability, the areas covered for the Lassen Volcanic Center are similar to those for the regional mafic vents ( fig. 9 ), whereas the volumes are about a factor of two higher for the Lassen Volcanic Center. This difference may reflect the higher viscosity of the more silicic lavas of the Lassen Volcanic Center compared to the more mafic lavas of the regional vents. One measure of this difference is that the mean area and volume of lava flows for the Lassen Volcanic Center are 8.5 km 2 and 0.88 km , and the distributions are more similar to the Lassen area regional vents than the means indicate.
Probability of Large Explosive Eruptions in the Cascades
The eruptions documented for the past 100,000 years in the Lassen segment of the Cascade arc do not represent the full spectrum of possible eruptions, because no large explosive eruptions have occurred during this period. However, there is clear evidence of several large eruptions within this segment of the arc before 100 ka. The Rockland tephra was erupted at 609±7 ka in the Lassen area, most likely from a source buried by the deposits of Brokeoff Volcano, with a deposit volume of around 120 km 3 and a dense rock equivalent (DRE) volume of around 34 km 3 (table 4) . This eruption was much larger than any subsequent eruption in the Lassen area. In addition, a drill hole in the Feather River Meadows, south of Lassen Volcanic National Park, penetrated several hundred feet of ash-flow tuff that correlates with Stage 1 (2.32-1.65 Ma) of the Dittmar volcanic center (Clynne and Muffler, 2010) . Ash-flow tuff and other deposits that are correlated with this eruption are found as much as 50 km from the Dittmar volcanic center and are clearly the result of a large eruption. The Nomlaki tuff has a source in the vicinity of the Latour volcanic center (location in Clynne and others, 2012, fig. 3 ) and was erupted at 3.27 Ma (Poletski, 2010; Harp and Teasdale, 2011) . Several other poorly known ash-flow deposits are found in the Lassen area. Thus, the Lassen segment of the Cascade arc has been the site of more than one large explosive eruption over the past several million years.
The Cascades arc presents an array of relatively infrequent large explosive eruptions. A recent event, and one of the largest, was the climactic eruption of Mount Mazama that resulted in the formation of Crater Lake caldera 7,670 cal. yr BP (table 4) . Such large explosive eruptions are generally associated with caldera formation. Although it is clear that some volcanic centers are more likely to have large explosive eruptions than others, calculating the probability of such large eruptions for individual volcanoes or volcanic centers does not make much sense. It is not clear which center is the most likely to have a large eruption in the future, and the occurrence at individual volcanic centers is too infrequent to have much confidence in a probability estimate. The sources of some large eruptions in the Cascades are ambiguous (for example, the Shevlin Park Tuff, Oregon) or unknown (Dibekulewe ash), but because the effects of large eruptions are quite widespread, the precise location of the source is less important in terms of hazards. Thus, we focus on calculating the probability of large explosive eruptions for the Cascades arc as a whole.
To estimate this probability, we have chosen a time period of 1.2 m.y. (approximately the age of the eruption that formed Kulshan caldera) as a balance between the likelihood of there being good information (more likely with recent events) and with having a long enough time period to get a reasonable number of occurrences. We have compiled data from the literature (table 4) on eruptions >≈5 km 3 in deposit volume to exclude the relatively frequent eruptions of ~1-2 km 3 . A deposit volume of 5 km 3 is ~2 km 3 dense rock equivalent (DRE) for tephra or ~2.5 km 3 DRE for pyroclastic flows. Volume estimates are uncertain, because deposits from some eruptions are not well preserved and others have not been thoroughly studied. Some apparently smaller volume eruptions could potentially be of much larger volume than we currently know, and thus the frequency could be greater, and some could even be larger than what has been documented for the known large eruptions. For example, layer E from Mount Jefferson is estimated to represent a volume of ~1 km 3 DRE by Hildreth (2007) , but Beget (1981) suggests that as much as several cubic kilometers of tephra could have been erupted. On the basis of the available data, it is not included in table 4.
In addition to large known eruptions, we include in our compilation the debris avalanche from ancestral Mount Shasta because of its large volume (table 4). The trigger mechanism for this event is unclear, with the possibilities being an unrecognized magmatic intrusion or eruption, an earthquake, a steam explosion from a hydrothermal system, or slope instability from glacial erosion (Crandell, 1989) . A recent reconnaissance study of the deposits (David John, written commun., 2011) indicates that hydrothermally altered clasts are sparse and that the debris avalanche contains relatively small amounts of hydrothermal clay minerals, so the source rocks were evidently not weakened by alteration. Whatever the triggering mechanism, the event is related to the presence of a large steep volcanic edifice, justifying its inclusion in the list of large eruptions. It is interesting to note that in a model to explain the presence of slightly thermal springs in the Shasta Valley where the avalanche deposits occur, Nathenson and others (2003) propose the existence of a boiling hydrothermal system in the present edifice of Mount Shasta.
The cumulative numbers of eruptions versus age for the entire dataset in table 4 and for only those events ≥10 km 3 are shown in figure 14. For erupted volumes >≈5 km 3 , 20 events have occurred in the past 1.2 m.y. The plot of all the data shows a high rate of occurrence since 13.6 ka and a much lower rate before then. Most of the events since 13.6 ka are 5-10 km 3 in size. Events 10 km 3 and larger have occurred at a reasonably constant rate since 630 ka ( fig. 14) . This gives some confidence that the record of eruptions ≥10 km 3 is reasonably complete for that time period. The difference between the two rates of occurrence for volumes >≈5 km 3 is probably a result of the poor preservation of deposits for events between 5 and 10 km 3 that occurred before the end of the last glaciation at about 15 ka.
Before 630 ka, the only eruptions ≥10 km 3 are the Kulshan and Gamma Ridge calderas. This long hiatus, 1150-630 ka, could be real, but it might also be that one or more events in that time period have not been found or studied. Kulshan caldera was identified only in the early 1990s (Hildreth, 1996) and Gamma Ridge caldera only in the past decade (Tabor and others, 2002; Lanphere and Sisson, 2003) , and preservation is generally poor for events in the older part of our age range.
For erupted volumes >≈5 km 3 , we calculate the probability of an eruption from the data for the past 13.6 ka ( fig. 15 ), because data for such eruptions prior to the end of the last glaciation are probably incomplete. There are 7 events and 6 intervals, and the probability is somewhat suspect, because of the large change in rate of occurrence at 13.6 ka ( fig. 14) . However, the time intervals between eruptions are consistent with an exponential distribution ( fig. 16A ). The average recurrence interval is 2,200 years (equation 2), and the annual probability of a large eruption in the next year is 4.6×10 -4 (equation 7).
For erupted volumes ≥10 km 3 , we chose the time period from 630 ka to present. Not including the apparent hiatus from 1.15 Ma to 630 ka makes the calculated probability higher and thus produces a more conservative estimate of the hazard. There are 10 events and 9 intervals, with an average recurrence interval of 70,000 years. The time intervals Correlates with Lake Tapps tephra. Hildreth (1996) , others (2004), Hildreth (2007) .
Glacier Peak -layer B 13.55 ka 6.5 2.1 A few decades younger than layer G (Kuehn and others, 2009 ). Volume 6.5 km 3 using scaled volume method of Carey and others (1995) , 2.1 km 3 DRE (Gardner and others, 1998) .
Glacier Peak -layer G 13.6 ka (13.7 -13.5) 6.0 1.9 13,660-13,490 cal. yr BP (Kuehn and others, 2009 ). Volume 6 km 3 using scaled volume method of Carey and others (1995), 1.9 km 3 DRE (Gardner and others, 1998) .
Gamma Ridge caldera -northeast of Glacier Peak~1
.2 Ma~40 Volcanic rocks of Gamma Ridge recognized as from a caldera forming eruption by Tabor and others (2002) , and the name appears in Lanphere and Sisson (2003) and Haugerud and Tabor (2009 , 2 km 3 DRE using scaled volume method (Carey and others, 1995 (Hildreth, 2007) , but MacLeod and others (1995) propose >10 km 3 DRE (see also MacLeod and Sherrod, 1988) . For a 7 x 5 km caldera (MacLeod and others, 1995) , an ellipse of that size has an area of 27 km 2 . For a caldera block downdrop of 500-800 m (MacLeod and others, 1995), the volume is 14-22 km 3 DRE. Recent work by J. Donnelly-Nolan (oral commun., 2011) indicates that the downdrop is likely to be significantly larger. .17 Ma >5 Younger than Tumalo Tuff; thought to be younger than 0.17 Ma (Sherrod and others, 2004) . Conrey and others (2001) propose an alternate age of ~260 ka. Volume >5 km 3 DRE (Hildreth, 2007 (Hildreth, 2007) .
Crater Lakeclimactic eruption of Mount Mazama 7,670 cal. yr BP (7,790-7,590 ±2 σ) 142 47 7,670 cal. yr BP (Nathenson and others, 2007) . Erupted volume of air-fall tephra 117 km 3 and ash-flow deposits 25 km 3 ; magma volume of explosive products 47 km 3 DRE (Bacon, 1983) .
Llao Rock pumice fall -Crater Lake (Crandell, 1989) with an age of 609±7 ka (Lanphere and others, 2004 ) and the deposit being younger than Sargents Ridge episode of Mount Shasta with an oldest age of 290 ka (A.T. Calvert, oral commun., 2011). Ages of blocks in the deposit are 360±40 ka and 380±60 ka, and age of basalt lava flow overlying deposit is 300±100 ka (Crandell, 1989) ; accuracy of reported ages is suspect. We propose an estimated age of 450±75 ka (± 1 σ) covering the range of possible ages with ± 150 ka (± 2 σ). Volume of 45 km 3 extending 49 km from source and up to 13 km in width (Crandell, 1989 Rockland tephra -in Lassen area 609±7 ka~120 Caldera likely buried by Brokeoff Volcano (Clynne and Muffler, 2010) . Age 609±7 ka (Lanphere and others, 2004) . Volume > 30 km 3 DRE (Hildreth, 2007) . Volume ~50 km 3 DRE based on comparison of thickness versus distance to Mazama ash (Sarna-Wojcicki and others, 1985 (Hildreth, 2007) .
between eruptions are consistent with an exponential distribution ( fig. 16B ). The occurrence of sequences of two eruptions relatively close in time separated by longer periods of no activity (fig. 14) may be something of an artifact of the inadequacies of the dating for some of the eruptions, but these short time intervals are also consistent with an exponential distribution ( fig. 16B ). The annual probability of a large eruption in the next year is 1.4×10 -5 . Although there have been two events in the Holocene (Layer Yn at Mount St. Helens and the climactic eruption of Mount Mazama to form Crater Lake caldera), the previous event was the formation of Newberry caldera at 80 ka. By focusing on a relatively long time period and the largest eruptions in the Cascades, we have some confidence that the resulting probability is a reasonable estimate.
Conclusion
Data for chronologies of eruptive activity at the Lassen Volcanic Center and for eruptions from the regional mafic vents in the surrounding area of the Lassen segment of the Cascade Range have been compared to three probability distributions to estimate probabilities of future eruptions. The choices of best estimates are not clear cut, because there is no clear best matching probability distribution for data from the Lassen Volcanic Center and because the calculations for the regional mafic vents depend on which model is used in developing the chronology. For the Lassen Volcanic Center, we prefer the estimate from the mixed-exponential distribution of a probability of 2.3×10 -4 for an eruption in the next year, recognizing that the value of 1.4×10 -4 derived using the exponential distribution is probably just as valid. For the regional mafic vents, we prefer the probability from the exponential distribution of 6.5×10 -4 , because it is not model dependent. The probability of an eruption from a regional mafic vent is substantially higher than that of an eruption from the Lassen Volcanic Center, even though there has not been a regional event since 15,000-10,000 years ago. If the chronology for the regional mafic vents were better known, we would not need to propose models to develop a detailed chronology, and the estimate of the probability of an eruption could be better defined.
The analysis of the probability of large explosive eruptions in the Cascade Range was done both for erupted volumes >≈5 km 3 and for volumes ≥10 km 3 . In order to gain some perspective on the relative magnitudes of probabilities calculated in this study, figure 17 shows those values along with some values from other studies for probabilities of various events in the Cascades. For Medicine Lake Volcano in the year after an eruption and for Mount St. Helens in its . Probability that an eruption will occur in a time less than a given time interval since the previous eruption for volumes >≈5 km 3 back to 13.6 ka (A) and for volumes ≥10 km 3 back to 630 ka (B). Data for time intervals between eruptions shown as filled circles, along with the curve for an exponential distribution that matches the data.
currently active period for an explosive eruption ≥0.1 km 3 , the values are around a probability of 10 -2 per year. The probability of an eruption anywhere in the U.S. portion of the Cascades has a similar but somewhat higher value. For longer term histories, probabilities are mostly in the range 2×10 -4 to 2×10 -3 , including those for the Lassen Volcanic Center and the Lassen regional mafic vents. The current probability of an eruption from Medicine Lake volcano, 947 years after the last eruption, is also within this range. The probability of an explosive eruption in the Cascades with a volume >≈5 km 3 is within this range as well. For an explosive eruption in the Cascades with a volume ≥10 km 3 , the probability is distinctly less than for these other events.
